The problem of dissipating the energy stored in the field of a superconducting magnet when a quench occurs has received considerable study. However, when the magnet becomes a system 4 miles in length whose normal operation is an ac mode, some re-examination of standard techniques for dissipating energy outside the magnets is in order. Data accumulated in the Fermilab Energy Doubler magnet development program shows that heating associated with the temporal and spatial development of quenches is highly localized and can result in temperatures damaging to the superconducting wire. This paper reviews the design and operation of several energy dumping schemes, compatible with the operation of ac superconducting magnets, wherein more than 70% of the stored energy can be dissipated outside the magnet. Instrumentation to detect quenches early in their development and circuits for dumping the field energy are described, and representative operating performance data for the dump circuits and data showing temporal development of quenches are presented.
Batavia, Illinois Summary
The problem of dissipating the energy stored in the field of a superconducting magnet when a quench occurs has received considerable study. However, when the magnet becomes a system 4 miles in length whose normal operation is an ac mode, some re-examination of standard techniques for dissipating energy outside the magnets is in order. Data accumulated in the Fermilab Energy Doubler magnet development program shows that heating associated with the temporal and spatial development of quenches is highly localized and can result in temperatures damaging to the superconducting wire. This paper reviews the design and operation of several energy dumping schemes, compatible with the operation of ac superconducting magnets, wherein more than 70% of the stored energy can be dissipated outside the magnet. Instrumentation to detect quenches early in their development and circuits for dumping the field energy are described, and representative operating performance data for the dump circuits and data showing temporal development of quenches are presented.
Scope
The Fermilab Energy Doubler, a slow cycling superconducting accelerator, will require some 744 dipole and 240 quadrupole magnets distributed around a 4-mile circumference ring. The total stored energy is predicted to be about 415 Megajoules, X 12 Megajoule per dipole and one tenth that for each quadrupole.
If, as tentatively planned, the magnet system is powered by supplies similar to those used in the present Main Ring, the smallest subset of magnets that can be controlled from one supply will consist of 8 quadrupoles and 32 dipoles, corresponding to a peak stored energy of % 18 MJ. Since spatial and economic constraints require that these magnets have small cross section and limited liquid helium inventories, they cannot be expected to internally dissipate all of the energy stored in their magnetic fields without risking coil damage.
There are two principle aspects to the problem of protecting a superconducting magnet when a quench occurs: dissipating the field energy so as to avoid destructive internal temperature rises, and keeping magnet terminal voltages within safe limits. Both topics have been studied extensively for large inductance dc magnets, principally solenoids, but not for small cross section, high aspect ratio ac magnets of the type to be used in the Energy Doubler. 2 Analysis of the problem of internal temperature rise involves determining the velocities of propagation of the developing normal zone in the longitudinal, azimuthal and radial directions and noting how its growth affects temperature. 3-7 Control of terminal voltages is dependent on the energy dumping circuits. 8 11 A comprehensive survey of the many forms these circuits can assume will be found in the article by Watrous. 9 Some typical examples are shown in Figure 1 . As a general principal, efficiency of fault protection depends strongly on early detection of the quench.
This study is primarily concerned with extending previous work to include the special problems associated with protecting slow cycling magnets having an induct- None of the assumptions outlined seriously alter application of the energy dumping schemes presented in the references to a single ac excited magnet. Considering an array, however, only two alternatives seem possible: either find some way to isolate the faulting magnet by a clever switching scheme, or else remove the energy of the entire array, in parallel, at each magnet simultaneously. Isolating a quenching magnet and safely dissipating its field energy, while at the same time gives a dumping efficiency:
We elected to examine the performance of three circuits: the resistive dump of Figure la , the transformer coupled circuit of Figure ld , and a transformer coupled circuit similar to Figure ld, but without a switch. The resistive dump, using an SCR as a switch, is the most likely candidate for the energy sinks, E.S., in the subdivided array shown in Figure 2 . This is the "protectioni by subdivision" scheme of Smith. Transformer coupling is of particular interest, in spite of anticipated difficulties in achieving high efficiency, because it fails safe -even if a magnet lead opens up, is the only protection method that dissipates energy when a turn-to-turn short occurs, gives a parallel energy dissipation at low voltages isolated from the primary, is readily adaptable to electronic switching and could be mounted on a heat shield operating at some temperature greater than 4.2K. e-X dX, (3. where a = RD/iy . To estimate the efficiency of a dump one must know y, which is dependent on thermal as well as electrical properties of the magnet. The dependence of g on circuit parameters, including y, can be seen in Figure 3 Either of the dissipation circuits shown in Figure   lb and lc, or any of the ones described by Watrous9, can be used for the E.S. element of Figure ld, Figure 4 . It is evident from the expression and Figure 4 that, besides k approaching 1, high dumping efficiency requires Ti << T2 . If this condition is met, then the current in the primary will go to zero very quickly, and the secondary will rapidly peak and then take a long time to decay. Invariably achieving Ti << T2 requires that R2 be as small as possible. A four-turn secondary was fashioned from 0.5 by 0.031 inch copper strips wound into a saddle coil with the long length on the horizontal midplane of magnet #3. Both primary and secondary windings were brought out of the helium dewar using vapor cooled power leads. Electrical characteristics were measured to be Li = 7mH, L2 = 12.2pH, R2(4.2K)= 30011 and k = .74.
The electrical system, which is used for all Energy Doubler magnet testing, is shown in Figure 5 , and a block diagram of the quench detection, or safety circuit, can be seen in Figure 6 . The safety circuit, which is built in a standard 2-wide NIM module, amplifies the magnet terminal voltage and voltage from a pick-up coil mounted on the magnet. The difference, L difdt -d4/dt = IR(t), is monitored with a voltage comparator that can be set to detect a departure from zero of the IR(t) voltage corresponding to a developing resistance R(t) < lmQ.
Tests 1 and 2 of Table I were done using only the Transrex's main contactor to shut down output power.
This delays system response to the quench and produces more internal heating. As expected, the total efficiency during snap-off was the same as for tests 2, 4, 6 and 8. Tests 3 and 4 are done in the same configuration as 1 and 2 except that the firing pulses of the Transrex are electronically clamped to zero. This changes supply response from '\ lOOmS with the contactor alone to X\, 8miS with the electronic clamp. In comparing transformer couplixig tests 5 and 6, using an SCR switch in the secondary, with tegts 7 and 8, which is a shorted secondary with no switch, it is evident that the "On" resistance of the SCR's lowers the dump efficiency of the secondary. In fact, the internal resistance of the secondary alone is not low enough to produce a secondary dump efficiency greater than X 14%. This can be compared to a i, computed from Equation (9. and the transformer characteristics (y = 0), of X 25%. 
